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SUMMARY 
A computer code has been w r i t t e n  which u t i l i z e s  r a y - t r a c i n g  techniques to  
p r e d i c t  the  changes i n  p o s i t i o n  and geometry of a l a s e r  doppler  ve loc imeter  
probe volume r e s u l t i n g  from r e f r a c t i o n  ef fects .  
t i o n  change, changes i n  beam cross ing  angle, and the amount o f  uncross ing t h a t  
such as a cllass window. 
c u r r e n t l y  opera- 
(u 0
co m
I occur when the beams t rave rse  a reg ion  w i t h  a changed index o f  r e f r a c t i o n ,  
The code p r e d i c t s  the  pos i -  
w 
The code c a l c u l a t e s  the changes for f l a t  p l a t e ,  c y l i n -  
der,  general  ax1 symmetri c, and general sur face 




and i s  
The l a s e r  anemometer has prov ided the  f l u  c i s t  w t h  a powerfu l  
One o f  the more common tool for n o n i n t r u s i v e l y  measuring f l u i d  ve loc i t i es - .  
types of  l a s e r  anemometers, the l a s e r  f r i n g e  anemometer, d i v i d e s  a s i n g l e  
l a s e r  beam i n t o  two p a r a l l e l  beams and then focuses them to  a p o i n t  i n  space 
c a l l e d  a "probe volume" (PV) where the f l u i d  v e l o c i t y  i s  measured. 
Many a p p l i c a t i o n s  us ing  t h i s  method f o r  measuring f l u i d  v e l o c i t i e s  r e q u i r e  
the  observa t ion  o f  f l u i d s  through a window. 
o f  a d i f f e r e n t  r e f r a c t i v e  index, i t s  d i r e c t i o n  of t r a v e l  i s  changed i n  a man- 
ner  descr ibed by Snell's law: 
Whenever l i g h t  t raverses  a r e g i o n  
where 
N,N '  i n d i c e s  o f  r e f r a c t i o n  be fore  and a f t e r  the  sur face 
a,a' angles between the surface normal and the l i g h t  beam on e i t h e r  s i d e  o f  
the sur face.  
With the except ion  of a few very  s p e c i f i c  wlndow/opt ics c o n f i g u r a t i o n s ,  
the  i m p l i c a t i o n s  o f  t h i s  law t o  the l a s e r  probe volume when a window i s  
i n s e r t e d  i n  the l a s e r  beam o p t i c a l  pa th  between the focus ing  lens and the  probe 
volume can be summarized as f o l l o w s :  I 
( 1 )  The p o s i t i o n  o f  the ac tua l  probe volume w i l l  change. 
( 2 )  The beams w i l l  uncross, i . e . ,  no longer l i e  i n  the same plane a t  the  
probe volume l o c a t i o n .  
( 3 )  
change. 
For n o n f l a t  p l a t e  windows, the c ross ing  angle of the two beams w i l l  
The f i r s t  r e s u l t  means t h a t  data w i l l  n o t  be acqui red i n  the  des i red  loca-  
t i o n .  
volume, which o n l y  e x i s t s  where the  beams cross. 
accuracy o f  the measurements taken because i t  i s  d i r e c t l y  r e l a t e d  t o  the  ca lcu-  
l a t i o n  o f  v e l o c i t y  by the f o l l o w i n g  equat ion:  
The second a f f e c t s  the data a c q u i s i t i o n  r a t e  by d i s t o r t i n g  the probe 
The l a s t  impacts the  
where 
x l i g h t  wavelength 
f f r i n g e  c ross ing  frequency 
L beam cross ing  angle 
I n  the pas t ,  m o s t  researchers have assumed t h a t  the  r e s u l t i n g  errors are  
small and can be ignored. The f e w  at tempts to  assess the  ser iousness o f  win- 
dow r e f r a c t i o n  e f f e c t s  ( r e f s .  1 t o  4) have, u n f o r t u n a t e l y ,  been concerned w i t h  
spec ia l  cases such as f l a t  windows and c y l i n d e r s  w i t h  observa t ions  i n  a s i n g l e  
p lane normal t o  the a x i s  o f  symmetry. Th is  approach has proved reasonable in 
the pas t  s ince windows w e r e  u s u a l l y  s imply  shaped and t h i n .  Fu r the r ,  observa- 
t i o n  angles were g e n e r a l l y  near normal to  the window surfaces. 
m e e t  the  needs r e s u l t i n g  from the use of more complex window shapes and pas- 
sage geometries i s  r epo r ted  here. 
t o  s tudy the changes i n  probe volume geometry and p o s i t i o n  due to  r e f r a c t i o n  
e f f e c t s  caused by bo th  f l a t  and general  smooth windows. This  technique pre-  
d i c t s  the  l a s e r  beam paths through any o f  f o u r  d i f f e r e n t  window shapes: 
A more general  approach developed a t  the NASA Lewis Research Center t o  
A r a y  t r a c i n g  technique which i s  n o t  r e s t r i c t e d  t o  spec la l  cases i s  used 
( 1 )  F l a t  p l a t e  windows (cons tan t  th ickness)  
( 2 )  C y l i n d r i c a l  windows (cons tan t  th ickness)  
( 3 )  General axisymmetr ic windows (cons tan t  th ickness)  
(4) General smooth windows ( v a r i a b l e  th ickness)  
When desc r ib ing  the window surfaces, the technique ca l cu la tes  the  f l a t  
p l a t e  and c y l i n d r i c a l  window cases a n a l y t i c a l l y .  
case i s  t r e a t e d  a n a l y t i c a l l y  i n  the 
The general  axisymmetr ic 
R-0 plane and uses a cubic  s p l i n e  f i t  i n  
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t he  R-2 p lane where the Z a x i s  represents  the a x i s  o f  window symmetry. 
The smooth general  window case uses the  cub ic  s p l i n e  f i t  i n  b o t h  the  X-Y 
and X-Z p lanes. 
The technique y i e l d s  the new probe volume p o s i t i o n ,  the new c ross ing  
angle,  and the amount o f  beam uncrossing ( s p e c i f i e d  as bo th  the  number o f  
probe volume f r i n g e s  and the abso lu te  minimum d is tance  between beams). 
Two separate computer programs are used. 
i n p u t  da ta  s e t  f o r  use by the  second program. 
changes i n  the  geometry o f  the probe volume. 
a l l ows  t h e  c r e a t i o n  o f  permanent i n p u t  da tase ts .  
The f i r s t  program generates an 
The second c a l c u l a t e s  the  
The use of a separate program 
The f o l l o w i n g  parameters may be v a r i e d  to  descr ibe  the  case t o  be 
eva lua ted :  
( 1 )  I n d i c e s  o f  r e f r a c t i o n  on both s ides o f  the window and the window 
i t s e l f  
(2) The window shape 
( 3 )  The assumed p o s i t i o n  o f  the  probe volume and the  a c t u a l  p o s i t i o n  of  
t h e  focus ing  lens r e l a t i v e  t o  the window 
( 4 )  The o r i e n t a t i o n  o f  the plane which conta ins  the l a s e r  beams 
( 5 )  The beam c ross ing  angle 
( 6 )  The l a s e r  beam wavelength 
Th is  r e p o r t  con ta ins  a d e s c r i p t i o n  of the problem geometry, t he  method o f  
a n a l y s i s ,  complete i n f o r m a t i o n  for  us ing  these programs, example i n p u t  and o u t -  
p u t ,  and several  example cases for  general axisymmetric and smooth t o t a l l y  gen- 
e r a l  sur faces .  
These FORTRAN 77 programs are c u r r e n t l y  ope ra t i ona l  on a DEC VAX8600 com- 
p u t e r .  These i n t e r a c t i v e  programs r e q u i r e  a typical core memory o f  86 pages 
and have t y p i c a l  CPU r u n  t imes o f  l ess  than 1 sec,  depending upon window 
geometry . 
GEOMETRY 
A bas i c  understanding o f  the window and o p t i c s  geometry and the v a r i a b l e s  
used to  descr ibe  them i s  necessary t o  c o r r e c t l y  use the technique exp la ined  i n  
t h i s  r e p o r t .  
o f  the  surfaces invo lved.  F igure  1 prov ides  i n f o r m a t i o n  on the  general o r i e n -  
t a t i o n  o f  the probe volume and lens for  a l l  windows. While most o f  the i n f o r -  
mat ion presented i n  t h i s  f i g u r e  i s  s e l f  exp lanatory ,  some p o i n t s  should be 
c l  a r i  f i ed . 
Therefore, we w i l l  take a more d e t a i l e d  look a t  t he  geometries 
The X ' ,  Y ' ,  Z' coord ina te  system shown i n  f i g u r e  1 has i t s  o r i g i n  a t  
t he  probe volume. The X-Y-Z coord ina te  system, n o t  shown i n  f i g u r e  1 ,  i s  
o r i e n t e d  such t h a t  the Z a x i s  i s  a long the a x i s  o f  symmetry o f  the  window 
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be ing  descr ibed, should t h i s  window be symmetric. The axes o f  t h e  X ' ,  Y ' ,  
Z '  coord ina te  system are  p a r a l l e l  t o  t h e i r  r e s p e c t i v e  X ,  Y, Z axes. The 
o r i g i n s  o f  the  two coord ina te  systems are  n o t  n e c e s s a r i l y  c o i n c i d e n t .  
i n g  l i n e  p a r a l l e l s  t h e  X-Z plane. 
The X a x i s  should be o r i e n t e d  rough ly  so t h a t  t h e  o p t i c a l  system b i s e c t -  
The b i s e c t i n g  l i n e  I s  d e f i n e d  as a l i n e  e q u i d i s t a n t  from b o t h  l a s e r  beams 
and l y i n g  i n  t h e  p lane d e f i n e d  by them. 
o r i g i n a l  probe volume. 
I t  connects the  lens  center  and the  
The o r i g i n a l  probe volume i s  the  probe volume p o s i t i o n  t h a t  would e x i s t  
i f  t h e r e  were no window i n  the  o p t i c a l  pa th  between the  f o c u s i n g  lens  and the  
probe v o l  ume. 
The beam c r o s s i n g  angle,  E ,  i s ,  for  a l l  cases, the  angle d e f i n e d  as: 
where 
E beam c r o s s i n g  angle 
AI, A2 incoming l a s e r  beam vec tors  
The angle 4 ,  n o t  shown i n  f i g u r e  1, i s  the  angle between t h e  sur face  nor-  
mal and t h e  b i s e c t i n g  l i n e  for  the f l a t  p l a t e  window. 
For a l l  cases, t h e  beam plane o r i e n t a t i o n  angle,  6 ,  Is def ined as the  
ang le  measured counterc lockwise i n  t h e  lens  plane, made by t h e  l i n e  connect ing 
t h e  two beams where they  cross the  lens  p lane and a l i n e ,  Z" ,  where 2" i s  a 
l i n e  l y i n g  i n  a p lane formed by the  Z '  
( f i g .  1 ) .  
a x i s  and t h e  beam b i s e c t i n g  l i n e  
F i g u r e  2 shows t h e  geometry for  the  c y l i n d r i c a l  window case and a d d i t i o n a l  
Not ice  i n f o r m a t i o n  for  d e s c r i b i n g  t h e  lens  and o r i g i n a l  probe volume p o s i t i o n .  
t h a t  t h e  a x i s  o f  symmetry o f  the  window i s  t h e  Z-axis. 
For a l l  window cases, t h e  lens  center  and probe volume p o s i t i o n  are  
descr ibed i n  the  R, Z ,  8 coord ina te  system. N e i t h e r  t h e  probe volume nor  
t h e  lens  center  a x i a l  p o s i t i o n  are r e s t r i c t e d  t o  a Z equal z e r o  requirement.  
F igure  3 shows t h e  general  axisymmetr ic coord ina te  system. The window i s  
descr ibed as a s e t  o f  R-Z p o i n t s  t h a t  spec i fy  t h e  window o u t e r  sur face .  The 
window i n n e r  sur face i s  s p e c i f i e d  us ing  a normal th ickness .  For t h i s  window, 
t h e  th ickness  must be constant .  
F igure  4 i n d i c a t e s  the  method i n  which t h e  general  smooth window i s  speci-  
f i e d .  H e r e  both sur faces are  s p e c i f i e d  as an a r r a y  o f  X ,  Y, 2 p o i n t s  i n  
space. 
bers i n  parentheses i n d i c a t e  the  a r r a y  l o c a t i o n s  o f  the  p o i n t s .  
There are  no r e s t r i c t i o n s  on window th ickness  i n  t h i s  case. The num- 
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The s p e c i f i c  r e s t r i c t i o n s  t o  the geometries descr ibed above are :  
I ( 1 )  Surfaces must be smooth and smoothly changing. 
I ( 2 )  For a l l  general  axisymmetr ic sur faces,  sur face slopes i n  the Z 
d i r e c t i o n ,  D X / D Z ,  must remain l e s s  t h a t  45" and DY/DZ must remain l e s s  than 
I 45" for  a l l  general  smooth sur faces.  
( 3 )  The Z a x i s  i s  def ined as the center  o f  r o t a t i o n  for  the  c y l i n d r i -  
I c a l  and general  axisymmetr ic sur face.  
(4 )  R1, the  lens r a d i a l  p o s i t i o n ,  should be g rea te r  than Rpv, the  probe 
should be l e s s  than R i ,  the  window inne r  rad ius  ( f i g .  2). 
volume r a d i a l  p o s i t i o n ,  and g rea te r  than Ro, the window ou te r  r a d i u s  and 
Rpv 
I METHOD OF ANALYSIS 
The code uses a simple r a y  t r a c i n g  technique for the necessary ca l cu la -  
t i o n s .  To accomplish t h i s ,  the  i n i t i a l  r a y  d i r e c t i o n  cosines and the p o i n t s  
, I n  space where the  beams cross the lens plane are ca l cu la ted .  
Then, from the  window surface in format ion,  the  p o i n t  o f  i n t e r c e p t i o n  o f  
each beam w i t h  the  upper or o u t e r  window sur face and the sur face window normal 
a t  t h a t  p o i n t  a re  ca l cu la ted .  
crosses the  sur face.  The same procedure i s  then app l i ed  t o  f i n d  the i n te rcep -  
t i o n  o f  the  beam and the  lower or inner  window sur face.  
S n e l l ' s  law i s  app l i ed  to each beam as i t  
1 
Wi th  the  p o s i t i o n  and the d i r e c t i o n  cosines o f  the two beams a t  the i n s i d e  
of  the  window, the  c a l c u l a t i o n  o f  minimum cross ing  d is tance,  c ross ing  angle,  
and the  p o i n t  o f  neares t  approach become r e l a t i v e l y  s t r a i g h t f o r w a r d  geometry 
problems. 
O f  importance i s  how the beamlwi ndow i n t e r c e p t i o n  p o i n t  and the sur face 
The f o l l o w i n g  s e c t i o n  discusses the methods used t o  de te rm ine  t h e  p o i n t  
, normals a t  t he  i n t e r c e p t i o n  p o i n t  are ca l cu la ted .  
I of beam/window i n t e r c e p t i o n  and the window outward sur face normal a t  the  
beam-window i n t e r c e p t i o n  p o i n t  f o r  each o f  the f o u r  window types t h i s  computer 
code so lves.  
A t  the  p o i n t  o f  i n t e r s e c t i o n  o f  the l a s e r  beams and sur faces,  the  l a s e r  
beams and the  sur face normals can be descr ibed us ing  d i r e c t i o n  cosines i n  the 
f o l  low ing  way: 
V = (cos di + (cos p ) j  + (cos y)k (4 )  
I I 
where 
v incoming l a s e r  beam vec tor  
U ,  8 ,  y d i r e c t i o n  angles between the vec tor  and the  X ,  Y, Z axes 
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for  each incoming l a s e r  beam and 
N = (cos U > i  + (cos (>j + (cos o>k (5) 
where 
N outward sur face  normal 
v,( ,o d i r e c t i o n  angles between t h e  v e c t o r  and t h e  X, Y,  Z axes 
for each outward sur face  normal ( f i g s .  5 and 61, where bo th  a re  de f ined as u n i t  
vec tors .  
The angle between these two vec tors  i s  s imply  the  arc  cos ine o f  t h e  d o t  
product .  
~ 0 s - 1 4  = V N = COS a COS u + COS p COS < + COS y COS u (6) 
Using a s imple ray t r a c i n g  a n a l y s i s  and S n e l l ' s  law; the  d i r e c t i o n  of  t h e  
r a y  a f t e r  c ross ing  t h e  sur face  can be determined by ( r e f .  5): 
V '  = ( n / n ' > V  + ( b / n ' > N  (7) 
where n i s  t h e  index o f  r e f r a c t i o n  on the  incoming s i d e  o f  the  sur face,  n '  
i s  the  index o f  r e f r a c t i o n  a f t e r  c ross ing  the  i n t e r f a c e ,  N i s  d e f i n e d  by 
Eq. 5, and b i s :  
b = n '  cos t$ - n cos 4 '  
and @ '  i s  g iven  by 
(8) 
Using these equat ions,  a method f o r  d e s c r i b i n g  the  window sur faces i n  
space, and the window sur face  normals; t h e  pa th  o f  each beam can be t raced.  
The window surfaces and t h e i r  surface normals are descr ibed d i f f e r e n t l y  
f o r  each o f  the f o u r  types o f  surfaces. 
The f l a t  window sur faces are descr ibed u s i n g  the  equat ion o f  a f l a t  
sur face : 
( X  - X l > / c o s  v = ( Y  - Y l ) / c o s  < = ( Z  - Z l ) / c o s  0 (10) 
where 
X9Y.Z surface coord inates 
X1 ,Y1 ,Z1 a s p e c i f i e d  sur face p o i n t  
v,c,o sur face normal d i r e c t i o n  cosines 
A f l a t  sur face can be s p e c i f i e d  by any th ree  p o i n t s  n o t  i n  a s t r a i g h t  
l i n e .  
v ides  the  sur face normal and i t s  d i r e c t i o n  cosines. Since the  sur face  i s  
f l a t ,  the sur face normal has a constant  d i r e c t i o n .  
The cross product  o f  any two u n i t  vec tors  connect ing these p o i n t s  pro- 
The c y l i n d r i c a l  and general  axlsymmetr ic windows are  descr ibed us ing  the 
equa t i on : 
R2 = X2 + Y2 ( 1 1 )  
where 
R cons tan t  rad ius  for  a c y l i n d e r  and 
R f ( t )  for  the general  axisymmetr ic case and f (z )  i s  spec i f i ed  by a s e r l e s  
o f  R-Z p o i n t s  
X,Y sur face  coord inates 
The necessary d i r e c t i o n  cosines for a c y l i n d e r  are a l s o  r e l a t i v e l y  
s t r a i g h t  fo rward  c a l c u l a t i o n s .  The slope o f  the c i r c l e  a t  any p o i n t  can be 
ob ta ined by t a k i n g  the  d e r i v a t i v e  o f  X w i t h  respec t  to  Y. Th is  informa- 
t i o n ,  coupled w i t h  the f a c t  t h a t  the d i r e c t i o n  cos ine w i t h  respec t  to  the a x i s  
o f  symmetry i s  zero prov ides a l l  the necessary i n fo rma t ion .  
To approximate the  unknown R-Z r e l a t i o n s h i p  i n  the general  axisymmetr ic 
case, the program makes use o f  a cubic  s p l i n e  f i t  subrout ine  descr ibed i n  ref- 
erence 6. I t  s o l v e s  a t r i d i a g o n a l  m a t r i x  g iven  i n  re fe rence 7. The i n p u t s  
are a s e r i e s  o f  R-Z values. I t  should be noted t h a t  the s p l i n e  subrout ine  
requ i res  t h a t  the  end p o i n t  c o n d i t i o n  o f  the second d e r i v a t i v e  a t  e i t h e r  curve 
end p o i n t  be spec i f i ed .  The i n p u t  d e f a u l t  g ives  an end p o i n t  second de r i va -  
t i v e  o f  one h a l f  the second d e r i v a t i v e  o f  the adjacent  s p l i n e  p o i n t .  
must be taken t o  i nsu re  the i n p u t  p o i n t s  accu ra te l y  descr ibe  the sur face,  t h a t  
the sur face  i s  smooth and t h a t  the  end p o i n t  second d e r i v a t i v e s  are  n o t  g r e a t l y  
i n  error. Inaccurac ies occur i n  the  s o l u t i o n  when the  sur face descr ibed has 
slopes approaching 90" and surfaces o f  t h i s  type should be c a l c u l a t e d  us ing  
the general  sur face r o u t i n e  w i t h  an approp r ia te  coord ina te  r o t a t i o n  for  the  
geometry. 
Care 
Output from t h i s  cubic  s p l i n e  f i t  a t  the des i red  Z l o c a t i o n  inc ludes  
the va lue o f ,  the rad ius  and bo th  the f irst and second d e r i v a t i v e s  o f  r a d i u s  
w i t h  respec t  t o  a x i a l  p o s i t i o n .  To so lve  for the  i n t e r s e c t i o n  between the  wln- 
dow sur face and incoming l a s e r  beam, the incoming beam i s  first descr ibed as a 
f u n c t i o n  o f  rad ius  and a x i a l  p o s i t i o n .  An i t e r a t i v e  procedure i s  then used to  
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f i n d  the  R-Z i n t e r c e p t i o n  p o i n t  of t h e  incoming r a y  and the  sur face.  The de- 
s i r e d  s o l u t i o n  accuracy for  t h e  i t e r a t i v e  procedure i s  an i n p u t  va lue.  
A t  t h e  c a l c u l a t e d  i n t e r s e c t i o n  p o i n t ,  t h e  s lopes o f  t h e  general axisymmet- 
r i c  sur face are  known: 
dR/dZ and dX/dY 
However, we are  i n t e r e s t e d  i n  t h e  sur face  normal d i r e c t i o n  cosines ( f i g .  5): 
cos V, cos <, and cos a. The l a s t  i s  d i r e c t l y  a v a i l a b l e  s ince:  
t a n  a = - l / (dR/dZ)  (12) 
Now, r e c a l l  i n g  t h a t :  
1 = (COS2V) + (cos2<> + (COS20) 
and t h a t ,  s ince  dX/dY i s  known 
t a n  6 = dX/dY 
Now, 
COS v = b /s  
and 
s = (a2 + b2 + d2 
and r e a l i z i n g  t h a t  






b t a n  IC (17 )  
where a, b, c,  and d are  d is tances de f ined i n  f i g u r e  5(b) we can w r i t e  




cos < = (1 - COS2u - cos2v)1'2 (20) 
The general surface solution follows the same logic; the difference being 
that no analytical expressions exist to describe the surface. 
are described by an array of X, Y, Z coordinates. These coordinates shourd 
form a roughly rectangular mesh (fig. 4 ) .  The method uses a linear interpola- 
tion scheme (ref. 6) t o  determine an approximate ray-surface intersection 
point. Once a "near solution" point is found, the method calls the spline fit 
routine in the two orthgonal directions (Y and Z in fig. 6) t o  calculate a 
more accurate interception point. The subroutine checks the interception 
points and the changes in slope using the spline fit in both orthogonal direc- 
tions. Should they be outside the input tolerances, an error message is 
printed. However, the calculation continues. 
The surfaces 
The surface normal is calculated in a manner similar to that of the 
general axisymmetric case. 
cubic spline fits include: 
The differences are that the outputs from the 





tan F = l/(dX/dY) 
tan IC = l/(dXldZ) 





d = b t a n  IC 
where a, b, c, and d are  d is tances d e f i n e d  i n  f i g u r e  6, so 




t a n  0 = ( tan2c + 1 ) 1 / 2 / t a n  IC (28)  
Once the  va lue of u can be determined, v and < can be evaluated i n  a man- 
ner  s i m i l a r  to  the  general  axisymmetr ic case where: 
cos v = 1 / (  1 + tan20 + tan2v)1/2 (29) 
and 
cos < = ( 1  - cos20 - cos2v>1/* (30) 
I t  i s  p o s s i b l e  t o  descr ibe  the  i n t e r c e p t i o n  p o i n t  and the  sur face  normals 
a t  t h a t  p o i n t .  Now the  changes i n  probe volume geometry can be c a l c u l a t e d .  
TOLERANCES 
The computer program requests  user i n p u t  o f  f o u r  to le rances  
two types of to lerances.  The f l r s t  type spec i f ies  how near para 
d i n a t e  a x i s  a d i r e c t l o n  vec tor  need be t o  be considered p a r a l l e l  
Th is  s i m p l i f i e s  some c a l c u l a t i o n s  and can improve accuracy by e l  
s ions by numbers near zero.  The o t h e r  type o f  to le rance i s  used 
t h e  s o l u t i o n  accuracy o f  the  window sur faces d u r i n g  the  c a l c u l a t  
general  smooth windows. 
A1 1 requested to le rances  have d e f a u l t  values. 
The first to le rance requested, ' T L l ' ,  i s  used d u r i n g  the  ca 
the  d i r e c t i o n  cosines o f  the  nonre f rac ted  l a s e r  beams. I n  l a t e r  
There are  
l e 1  t o  a coor- 
t o  t h a t  a x i s .  
m i n a t i n g  d i v i -  
t o  s p e c i f y  
ons o f  t h e  
c u l a t i o n  o f  
c a l c u l a t i o n s ,  
d i v i s i o n s  by the d i r e c t i o n  cosines o f  t h e  l a s e r  beams are r e q u i r e d .  
ance ' T L l '  s p e c i f i e s  a t  what p o i n t  the  beam i s  considered t o  be p a r a l l e l  to  a 
coord ina te  a x i s .  This insures  t h a t  d i v i s i o n  by a very  small  number d u r i n g  the  
c a l c u l a t i o n  o f  the beam sur face i n t e r c e p t  p o i n t  does n o t  occur .  
The to ler-  
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Tolerance 'TL2'  r e s t r i c t s  t h e  p o t e n t i a l  e r r o r  generated i n  the  s o l u t i o n  
o f  t h e  genera l  sur face  outward normal. Small e r r o r s  i n  these values can make 
n o t i c e a b l e  d i f f e r e n c e s  i n  t h e  f i n a l  s o l u t i o n .  To l i m i t  t h e  p o t e n t i a l  e r r o r ,  
t h e  s lopes o f  t h e  f o u r  p o i n t s  b r a c k e t t i n g  the  proposed i n t e r c e p t i o n  p o i n t  a re  
c a l c u l a t e d .  The changes i n  t h e  slopes i n  the  two coord ina te  d i r e c t i o n s  are  
c a l c u l a t e d  and these changes a r e  r e q u i r e d  t o  be l e s s  than 'TL2. '  Th is  e f f e c -  
t i v e l y  l i m i t s  the  maximum p o s s i b l e  e r r o r  i n  the  sur face  normal o f  the  i n t e r -  
cept .  I f  t h i s  convergence c r i t e r i a  i s  n o t  met, a f i n e r  g r i d  d e s c r i b i n g  t h e  
window sur face  i s  generated and t h e  c a l c u l a t i o n  i s  repeated. 
The t h i r d  to le rance,  'TL3 ' ,  r e s t r i c t s  the  p o s s i b l e  e r r o r  o f  the  i n t e r c e p t  
p o i n t  of  the  incoming l i g h t  beam and the  window sur face.  
c a l c u l a t e d  u s i n g  a l i n e a r  i n t e r p o l a t i o n  between t h e  p o i n t s  b r a c k e t t i n g  the  
i n t e r c e p t  r e g i o n  i s  compared w i t h  the i n t e r c e p t  p o i n t  c a l c u l a t e d  u s i n g  a cubic  
s p l i n e  i n t e r p o l a t i o n .  I f  the  d i f f e r e n c e  i s  w i t h i n  t h e  t o l e r a n c e  'TL3'  t h e  pro- 
gram cont inues .  I f  t h i s  c r i t e r i a  i s  n o t  met, a f i n e r  g r i d  d e s c r i b i n g  t h e  sur- 
face i s  generated and the  i n t e r c e p t  c a l c u l a t i o n  i s  repeated. 
The i n t e r c e p t  p o i n t  
The l a s t  i n p u t  to le rance,  'TL4 ' ,  i s  s i m i l a r  to  the  f irst s 
f i e s  whether or n o t  a d i r e c t i o n  cosine i s  near p a r a l l e l  t o  the  
i n  t h e  X t o  Y or X to  Z p lanes. Those spec ia l  cases a1 
c a l  c u l a t  
v e r y  sma 
A1 1 
types of 
t h a t  t h e  
nce i t  speci-  
X-axis or l i e s  
ow simp1 i f i e d  
ons and use o f  the  s i m p l i f i e d  c a l c u l a t i o n s  insures  t h a  d i v i s i o n  by a 
1 number does n o t  occur .  
t y p i c a l  
o f  2 . 3 "  per  cent  
d e f a u l t  to le rances  r e s u l t  i n  s u f f i c i e n t l y  accurate s o l u t i o n s  f o r  the  
window i n  use a t  the Lewis Research Center.  For comparison, note 
window a t  Lewis Research Center might  have a change i n  s lope 
meter i n  a d i r e c t i o n  perpend icu la r  to  t h e  incoming Laser Beam. 
EXAMP LE S 
A number o f  t e s t  cases f o r  t h e  f l a t  p l a t e  and c y l i n d r i c a l  window were r u n  
and t h e  r e s u l t s  a re  a v a i l a b l e  i n  re fe rence 8. A comparison o f  o u t p u t  w i t h  an 
unpubl ished a l g o r i t h m  and a l s o  w i t h  hand c a l c u l a t i o n s  show an exact  agreement 
w i t h  b o t h  t h e  f l a t  p l a t e  and simple c y l i n d e r  t e s t  cases. 
windows can o n l y  be approximated, i d e a l  comparisons are  d i f f i c u l t .  I n  r e s u l t s  
n o t  g i v e n  here,  the  use o f  t h e  general  axisymmetr ic technique to  c a l c u l a t e  win- 
dow e f f e c t s  o f  a c y l i n d r i c a l  window r e s u l t s  i n  an i d e n t i c a l  s o l u t i o n  w i t h  the  
c y l i n d r i c a l  window s o l u t i o n  and u s i n g  t h e  smooth general  technique to  ca lcu-  
l a t e  t h e  e f f e c t s  o f  a f l a t  p l a t e  window a l s o  r e s u l t s  i n  an exac t  comparison 
w i t h  t h e  f l a t  p l a t e  s o l u t i o n .  
S ince the  window shapes for  the  general  axisymmetr ic and smooth general  
The general  axisymmetr ic case was a l s o  r u n  to  c a l c u l a t e  the  window e f f e c t s  
o f  an a c t u a l  compressor window. F igure  7 shows the  i n p u t  geometry. The 
b i s e c t i n g  l i n e  i s  moved o u t  of t h e  X t o  Z and X to  Y planes. Th is  gen- 
e r a l  axisymmetr ic case was a l s o  compared w i t h  two outpu ts  r u n  us ing  t h e  general  
smooth window a l g o r i t h m .  
respec t  t o  the  o r i e n t a t i o n  o f  t h e  window and lens  geometry t o  the  coord ina te  
system. The f irst o r i e n t a t i o n  r u n  was s i m i l a r  to  the  general  axisymmetr ic 
o r i e n t a t i o n  shown i n  f i g u r e  7. The second o r i e n t a t i o n  i s  shown i n  f i g u r e  8 
and s imp ly  r e s u l t s  from r o t a t i n g  the  problem geometry about the  Y-axis. The 
These two general  smooth cases v a r i e d  o n l y  w i t h  
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window geometry i s  g i v e n  i n  Table I ( a >  and the  o t h e r  r e l e v a n t  parameters a re  
g i v e n  i n  Table I ( b > .  
A comparison o f  o u t p u t s ,  p rov ided i n  f i g u r e s  9 t o  11, showed very  good 
agreement between the  t h r e e  cases. 
F igure  9 shows the  uncross ing r e s u l t s ,  i n  f r i n g e s ,  versus 6 for  the  
t h r e e  cases. Maximum d i f f e r e n c e  between cases i s  s l i g h t l y  over  t h r e e  f r i n g e s  
a t  S equal 90". This  i s  a r e l a t i v e l y  l a r g e  number o f  f r i n g e s ;  however, i t  
occurs i n  a geometry where t h e  t o t a l  uncross ing i s  a minimum. Over most o f  
t h e  range o f  comparison, t h e  d i f f e r e n c e  i s  l e s s  than two f r i n g e s .  From a prac- 
t i c a l  s tandpo in t ,  the  agreement f o r  a l l  t h r e e  cases Is e x c e l l e n t .  
F igure  10 shows the  change i n  beam c r o s s i n g  angled versus 6 for  the  
t h r e e  t e s t  cases. Once again,  t h e  agreement i s  very  good w i t h  t h e  maximum d i f -  
fe rence i n  t h e  t h r e e  c o n f i g u r a t i o n s  l e s s  than 0.017". Th is  maximum d i f f e r e n c e  
r e s u l t s  i n  v e l o c i t y  e r r o r s  of  l e s s  than 0.3 meters per  second. Note, however, 
t h a t  t h e  maximum c a l c u l a t e d  v e l o c i t y  error due t o  the  change i n  c ross ing  angle 
from r e f r a c t i o n  e f f e c t s  i s  c a l c u l a t e d  t o  be about 1 meter per  second f o r  these 
t e s t  cases. 
F igure  11 shows the  change i n  probe volume p o s i t i o n  for each o f  the  t h r e e  
cases. The f i g u r e  shows t h e  r e l a t i v e  movement i n  each coord ina te  d i r e c t i o n  
and the  t o t a l  r e l a t i v e  movement. Movement i s  d e f i n e d  as t h e  change i n  probe 
volume p o s i t i o n  from t h e  p o s i t i o n  i t  would occupy i f  t h e r e  were no i n t e r v e n i n g  
window. R e l a t i v e  movement i s  t h a t  d i s t a n c e  d i v i d e d  by t h e  window th ickness.  
Agreement i s  e x c e l l e n t  for  t o t a l  movement and X d i r e c t i o n  movement w i t h  a 
maximum d i f f e r e n c e  be ing  l e s s  than 10 percent  or ,  i n  abso lu te  d i f f e r e n c e s ,  
0.00635 cm (window th ickness  o f  0.3175 cm). The Y and 2 d i r e c t i o n  move- 
ments show e x c e l l e n t  agreement between t h e  two t e s t  cases w i t h  the  same win- 
dow/coordinate system o r i e n t a t i o n .  However, when the  window sur face  i s  
r o t a t e d  t o  an o r i e n t a t i o n  t h a t  i s  n o t  approx imate ly  i n  t h e  Y t o  2 plane, 
t h e  agreement i s  n o t  as good. Never the less,  for both d i r e c t i o n s ,  the  t o t a l  
d i f f e r e n c e  i n  movement between t e s t  cases i s  o n l y  about 0 . 0 0 2 2 5 ~  window t h i c k -  
ness or about 7 .15~10-4  cm for a 0.3175 cm t h i c k  window. Th is  i s  e q u i v a l e n t  
t o  l e s s  than one t h i r d  o f  t h e  probe volume diameter.  
Th is  s e t  o f  t e s t  cases demonstrates two impor tan t  p o i n t s .  The first i s  
t o  use t h e  surface d e s c r i p t i o n  t h a t  most a c c u r a t e l y  r e f l e c t s  t h e  a c t u a l  window 
geometry. I f  the  window can be descr ibed us ing  a general  axisymmetr ic sur face,  
t h i s  i s  the  most d e s i r a b l e  method of i n p u t .  If  the  window can be s p e c i f i e d  as 
a f l a t  p l a t e  or s imple c y l i n d e r ,  these a r e  the  most d e s i r a b l e  da tase ts .  The 
second p o i n t  i s  t h a t ,  if t h e  surface t o  be considered i s  bes t  descr ibed as a 
smooth general  sur face,  t h e  o r i e n t a t i o n  o f  the window sur face  normal should be 
k e p t  as n e a r l y  p a r a l l e l  to  t h e  X-axis as p o s s i b l e .  
CONCLUSIONS 
A FORTRAN computer program has been developed t o  so lve for t h e  movement, 
beam uncrossing, and b i s e c t i n g  angle change o f  a probe volume o f  a l a s e r  f r i n g e  
anemometer when i t  must t r a v e r s e  an i n t e r v e n i n g  r e g i o n  o f  d i f f e r e n t  r e f r a c t i v e  
i ndex. 
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This  program a n a l y t i c a l l y  solves for a f l a t  p l a t e  window or a c y l i n d r i c a l  
window. I t  uses a cub ic  s p l i n e  curve f i t  and an i t e r a t i v e  procedure t o  so l ve  
for  a general  axisymmetr ic and a general  sur face window. 
The comparison of  r e s u l t s  for  a l l  window sur face r o u t i n e s  i s  good prov ided 
the  sur faces are  w e l l  behaved and w e l l  descr ibed i n  the  r e g i o n  where the  beams 
i n t e r s e c t  the window. 
The assumption t h a t  window r e f r a c t i o n  e f f e c t s  on the  probe volume are neg- 




INPUTS AND OPERATION OF THE PROGRAMS 
As c u r r e n t l y  conf igured ,  two separate computer codes are necessary f o r  a 
complete s o l u t i o n .  
Both programs use FORTRAN coding for the  te rmina l  i n t e r a c t i v e  opera t ions  and 
for  mani p u l  a t 1  ng the  necessary da ta  f i 1 es . 
Both programs a r e  i n t e r a c t i v e  and r e q u i r e  user i n p u t s .  
The f i r s t  program s e t s  up an i n p u t  da ta  s e t  t o  be run.  This  a l lows a per-  
manent f i l e  o f  d i f f e r e n t  i n p u t  da ta  se ts  to  be mainta ined.  The i n p u t  da ta  
f i l e  s t r u c t u r e  i s  shown i n  f i g u r e  A l .  A g lossary  o f  t e r m s  i s  p rov ided i n  
Appendix 6 .  
Lines 4 through 6 a re  o p t i o n a l .  
w i l l  generate o u t p u t  for  beam plane o r i e n t a t i o n s  every 10" from 0 to  170. 
t h i s  ins tance,  no e n t r i e s  need to  be made for  l i n e s  4 through 6 and the  user 
w i l l  be immediately prompted for l i n e  7.  
Should nop2 be s e t  to  zero,  the program 
I n  
S t a r t i n g  w i t h  l i n e  9, t h e  i n p u t  v a r i e s  depending on the  n a t u r e  o f  the  win- 
dow t o  be descr ibed.  For a general  window, the  "upper" or o u t e r  sur face  v a r i a -  
b l e s  a re  read i n  one a t  a t ime i n c r e a s i n g  i n  the ' Y '  or lead ing  index first, 
as shown i n  f i g u r e  4 .  When f i n i s h e d  w i t h  the  window upper sur face,  cont inue 
w i t h  t h e  lower or i n n e r  sur face .  
I n p u t s  for  the  f l a t  p l a t e  are done i n  the same manner except t h a t  o n l y  
f o u r  p o i n t s  per  sur face ( t o t a l  o f  e i g h t  for the window) should be entered.  
For t h e  c y l i n d r i c a l  window, the  o n l y  i n p u t  p a s t  card 8 i s  t h e  o u t e r  sur- 
face  r a d i u s .  
For t h e  general  axisymmetr ic window, type i n  the  number o f  2 t o  R 
p o i n t s  t o  descr ibe  the  upper sur face and the Z t o  R va lues.  
F igure  A2 shows t h e  coord ina te  system and v a r i a b l e s  used to  s p e c i f y  the  
problem geometry. Angles should be i n p u t  as degrees and d is tances can be spec- 
i f i e d  i n  any c o n s i s t e n t  s e t  of u n i t s .  
The second, or beam uncross ing program r e q u i r e s  the  f i l e  name c o n t a i n i n g  
The beam uncross ing program then quer ies  the opera tor  t o  i n s u r e  t h a t  the  
t h e  i n p u t  data. 
i n p u t  parameters are c o r r e c t .  
o t h e r  than the  bas ic  window geometry. 




A l l  i n t e g e r  f i e l d s  are I5 fo rmat  and a l l  r e a l  f i e l d s  a re  F10 fo rmat .  
d e l t a  (1-nop2) an a r r a y  o f  angles d e s c r i b i n g  the angle between the 
plane the  two incoming beams l i e  i n  and a plane conta in -  
i n g  t h e  l ens  center-z a x i s  ( a x i s  o f  r o t a t i o n ) ,  see f i g -  
u re  A2b, i n  degrees. 
D2XDY2 s p e c i f i e s  the  magnitude o f  the second d e r i v a t i v e  a t  the 
end p o i n t s  o f  t h e  cub ic  s p l i n e  f i t  when the  window to  
be modeled i s  a general axisymmetric or general  smooth 
window. (de fau l  t 3 .5 )  
ePs the b i s e c t i n g  angle o f  the beams i n  degrees 
I Y L  iY2 number o f  p o i n t s  i n  the "y" d i r e c t i o n  t o  descr ibe  sur- 
faces 1, 2; 01 for  c y l i n d r i c a l ,  02 for  f l a t  p l a t e ,  and 
lO(max) for  general sur face  
i z l ,  i z 2  
n l ,  n2 
n r  
n t  
nop 1 
nop2 
r c l ( l - n r )  
r l  
rw 
number o f  p o i n t s  i n  the  "z"  d i r e c t i o n  t o  descr ibe  sur- 
faces 1,  2; 02 for  f l a t  p l a t e ,  lO(max) for  general 
sur face  
index of r e f r a c t i o n  o f  the  medium before  and a f t e r  t r a v -  
e r s i n g  the  window; ( d e f a u l t  = 1.00029, a i r )  
number o f  Z t o  R coord ina te  p a i r s  used to descr ibe  
a general axisymmetric window 
index o f  r e f r a c t i o n  o f  the window; ( d e f a u l t  = 1.6, nom 
na l  g lass )  
f l a g  to  d e f i n e  the  type o f  window t o  be i n p u t ;  0 - gen- 
e r a l  sur face ,  1 - f l a t  p l a t e ,  2 - cy1 i n d r i c a l  , and 3 - 
general axisymmetric 
de f i nes  whether the  se r ies  o f  angles ( d e l t a )  i s  
d e f a u l t e d  or sDec i f ied :  0 - de fau l ted ,  g i ves  d e l t a  
i n d i c a t e s  nop2 increments o f  10" from.0 t o  170, 1 t o - 1 8  
number o f  d e l t a  angles t o  be i n p u t  
o u t e r  sur face  rad ius ,  general ax1 symmetr 
ca l  sur face .  
d i s tance  from the center  o f  the  focusing 
a x i s  of  r o t a t i o n  (z a x i s )  
d i s tance  o f  the  probe volume ( l e n s  f o c a l  
c or c y l i n d r i -  
l ens  to  the  
p o i  n t as sumi ng 
no i n t e r v e n i n g  window) to  the a x i s  of  r o t a t i o n  (z a x i s )  
15 
t h k  
t h l  
thpv 
t l l  
t 1 2  
t 1 3  
t 1 4  
window normal th ickness ;  n o t  used fo r  general  sur face  
i n p u t .  
angle between t h e  x a x i s  and a perpend icu la r  l i n e  con- 
n e c t i n g  the  z a x i s  and t h e  center  o f  the  f o c u s i n g  lens  
ang le  between the  x a x i s  and a perpend icu la r  l i n e  con- 
n e c t i n g  t h e  z a x i s  and t h e  probe volume ( f o c a l  p o i n t  o f  
t h e  l e n s )  
t o l e r a n c e  used i n  subrout ine  'ppos. '  Def ines whether 
or n o t  the  p lane i n  which t h e  two incoming l a s e r  beams 
l i e  i s  p a r a l l e l  t o  any coord ina te  plane. Th is  speci-  
f i e s  t h e  na ture  of t h e  c a l c u l a t i o n  o f  the  beamifocusing 
l e n s  p lane i n t e r c e p t  c a l c u l a t i o n .  ( d e f a u l t  i s  .0017rad> 
t o l e r a n c e  i n  subrout ine  ' s f i n ' .  Determines a success- 
f u l  s o l u t i o n  to  the  general  s u r f a c e / l a s e r  beam i n t e r -  
cep t .  Th is  c r i t e r i a  r e s t r i c t s  t h e  maximum error 
between the  a c t u a l  sur face  normal d i r e c t i o n  and the c a l -  
c u l a t e d  va lue.  D e f a u l t  i s  s e t  to  cos (angle er ror><.Ol .  
t o l e r a n c e  i n  subrout ine  ' s f i n ' .  Determines a success- 
f u l  s o l u t i o n  t o  the  genera l  s u r f a c e l l a s e r  beam i n t e r -  
cep t .  
l a t e d  i n t e r c e p t  p o i n t s  u s i n g  the  ' l i n i n t '  ( l i n e a r  i n t e r -  
p o l a t i o n )  approx imat ion of the  window sur face  and t h e  
' s p l i n t '  ( s p l i n e  i n t e r p o l a t i o n :  approximat ion o f  the  
window sur face.  I t  i s  assumed t h a t  when the  d i f f e r e n c e  
i s  l e s s  than ( t l 3 * t h k ) ,  t h e  sur face  d e s c r i p t i o n  i s  accu- 
r a t e  f o r  an acceptable answer. D e f a u l t  i s  0.0015. 
This  i s  a l i m i t  between the  d i f f e r e n c e  i n  calcu- 
t o l e r a n c e  i n  subrout ine  ' s f i n ' .  Determines i f  any sur- 
f a c e  d i r e c t i o n  v e c t o r  i s  near p a r a l l e l  to  t h e  x-axis 
or l i e n s  i n  t h e  X t o  Y or X t o  Z p lanes.  Maxi- 
mum o f f  p a r a l l e l  or out -of -p lane e r r o r  for  the  d i r e c -  
t i o n  cos ine i s  t 1 4 .  D e f a u l t  i s  .0017. 
x l , y l , z l ~ l - i y l , l - ~ z l ~  x ,  y, z coord ina tes  d e s c r i b i n g  the  upper sur face  for  
t h e  f l a t  p l a t e  or general  window case. 
x 2 , y 2 , ~ 2 ( 1 - i y 2 , 1 - i ~ 2 >  x,  y, z coord inates d e s c r i b i n g  the  lower sur face  for  
t h e  f l a t  p l a t e  or general  surface case 
wv 1 
z c l ( 1 - n r )  
Laser beam wavelength i n  Angstroms. Used for  c a l c u l a t -  
i n g  the  uncross ing i n  f r i n g e s .  (defaul t=5145A> 
z coord inates (a long t h e  a x i s  o f  symmetry) correspond- 
i n g  t o  r c l  for  the  general  axisymmetr ic case 
z l  a x i a l  d is tance o f  f o c u s i n g  lens  center  





n index o f  r e f r a c t i o n  
prove volume f r i n g e  c ross ing  f requency 
1 N outward sur face normal a t  p o i n t  o f  l a s e r  beamlsurface i n t e r s e c t i o n  
V f l u i d  ( p a r t i c l e )  v e l o c i t y  vec to r  
V i  l a s e r  beam d i r e c t i o n  vec to r ,  i = 1 or 2 
o , ~ , Y  d i r e c t i o n  angle for  incoming l a s e r  beam 
I v , ~ , u  d i r e c t i o n  angles for outward sur face  normal vec to r  ( f i g .  5 and 6) 
I x l i g h t  wavelength 
K angle between a surface tangent l i n e  i n  the  X to Z p lane and the  
5 angle between a sur face tangent l i n e  i n  the  X t o  Y p lane and the  
a x i s  ( f i g .  5 and 6) 
Y a x i s  ( f i g .  5 and 6) 
beam c ross ing  angle i n  probe volume E 
4 angle between the outward surface normal and the incoming l a s e r  beam 
Z 
Supersc r ip t  
I i n d i c a t e s  the reg ion  a f t e r  the  l a s e r  beam has crossed the  sur face  
boundary 
I I  i n d i c a t e s  a coord ina te  system centered on the s u r f a c e l r a y  I n t e r c e p t  
p o i n t .  Used i n  figures 4 and 6. 
17 
APPENDIX D 
SAMPLE INPUTS AND OUTPUTS 
Figures D1 through D4 show the sample i n p u t s  f o r  f l a t  p l a t e ,  s imple c y l i n -  
der,  general axlsymmetric, and general smooth windows, r e s p e c t i v e l y .  I n  these 
f i g u r e s ,  a l l  user i n p u t s  are under l i ned  and an a s t e r i s k  i s  found a t  t he  r i g h t  
hand margin o f  these l i n e s .  
No t i ce  t h a t  t he  da ta  s e t  up program a l l ows  the  o p t i o n  t o  change any i n p u t  
I da ta  l i n e .  then the e n t i r e  l i n e  i s  re typed.  The l i n e  number of the l i n e  t h a t  i s  t o  be changed i s  typed i n ,  
F igure  D5 shows a sample o u t p u t  from the  main o p t i c s  code. This  o u t p u t  
i s  s e l f  exp lanatory .  
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hello 
this is the optics data set-up program 
filename: ndatl 
please input a dataset title. 
Flat Plate test case 1 
use a 4i5 field to type in nopl,nop2,nun1iyl,izl,iy2,iz2. 





the number of input "zt" angles is specified by nop2. default is 18. 
unit system is specified by nun (Ometers) (l=inches). 
nop l  nopt nun iyl izl iy2 iz2 ----*----*----*----*----*----*----* 
1 0 1 2 2 2 2  
noel= 1 nop2= 0 nun=l iyle 2 izl= 2 iy2= 2 iz2= 2 
ok, now type in rpv,zpv,thpv,rl,zl,thl 
use an 8f10.5 field. *---------*---------*---------*---------*---------*---------*---------*--------- 
8.8077 6.5354 5.6942 15. 3.4302 3.3399 
rpv= 8.80770 zpv= 6.53540 thetapv= 5.69420 
rl = 15.00000 zl = 3.43020 theta1 = 3.33990 
ok, you have defaulted on the delta angles! 
type in the eps,thk,nl1nt,n2,d2xdy2,wvl in that order. 
default for d2xdy2 is . 5  and for wvl it is 5145A. *---------*---------*---------*,----------*---------*---------*--------- 
11.49 .125 1.00029 1.52 1.00029 .5 5145. 
epsilon= 11.490 thickness= 0.1250 nl= 1.00029 nt= 1.52000 n2= 1.00029 
splint d2xdy2= 0.50000 wvl= 05145. 
type in the tolerances tll thru tl4,use a 4f10 field. *---------*---------*---------*---------*---------*---------*--------- 
FIGURE D1. - FLAT PLATE INPUT DATASET EXAMPLE CASE. ARROWS INDICATE 
USER INPUT. 
1 0 1 2 2 2 2  
file line for the next line is 3. 
8.80770 6.53540 5.69420 15.00000 3.43020 3.33990 
file line for the next line is 4. 
11.49000 0.12500 1.00029 1.52000 1.00029 0.50000 
file line for the next line is 5. 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 6. 
0.00000 0.00000 2.00000 0.00000 0.00000 0.00000 
file line for the next line is 7. 
0.00000 1.00000 2.00000 0.00000 0.00000 0.00000 
file line for the next line is 8. 
1.00000 0.00000 2.00000 0.00000 0.00000 0.00000 
file line for the next line is 9. 
1.00000 1.00000 2.00000 0.00000 0.00000 0.00000 
file line for the next line is 10. 
0.00000 0.00000 1.87500 0.00000 0.00000 0.00000 
file line for the next line is 11. 
0.00000 1.00000 1.87500 0.00000 0.00000 0.00000 
file line for the next line is 12. 
1.00000 1.00000 1.87500 0.00000 0.00000 0.00000 
file line for the next line is 13. 
1.00000 1.00000 1.87500 0.00000 0.00000 0.00000 
if you wish to change an input 1ine;type in the line. 
use an i3 field. else default. --* 
+ -  
























this is the optics data set-up program 
please input a dataset title. 
use a 4i5 field to type in nopl,nopZ,nun,iyl,izl,iyZ,izZ. 
the surface options are specified by: 
+ filename: n x  





the number of input "zt" angles is specified by nop2. default is 18. 
unit system is specified by nun (O=meters) (lrinches). 
nopl nop2 nun iyl izl iy2 iz2 ----*----*----*----*----*----*----* 
2 0 1 1 .  
noel= 2 nop2= 0 nun=l iyl= 1 izl= 0 iy2= 0 iz2= 0 
ok,now type in rpv,zpv,thpv,rl.zl,thl 
use an 8f10.5 field. 
+ 8.8077 6.5354 5.6942 15. 3.4302 3.3399 
rpv= 8.60770 zpv= 6.53540 thetapv= 5.69420 
rl = 15.00000 zl = 3.43020 theta1 = 3.33990 
ok, you have defaulted on the delta angles! 
type in the eps,thk,nl,nt.n2,d2xdy2,wvl in that order. 
default for d2xdy2 is .5 and for w v l  it is 5145A. *---------*---------*---------*---------*--------*---------*--------- 
+ 11.49 .125 1.00029 1.52 1.00029 
epsilon= 11.490 thickness= 0.1250 nl- 100029 nt= 1.52000 n2= 1.00029 
splint d2xdy2= 0.00000 wvl= 0.00000 
type in the tolerances tll thru tl4,use a 4f10 field. *---------*---------*---------*---------*---------*---------*--------- 
i 
you have selected a cylindrical window. 
you must type in the radius of the outer cylinder 
surface. use an f10 field. *---------*---------*---------*---------*---------*---------*--------- 
+ g  
outer cylinder radius is: 10.00000 
**** this is the read file data **** 
file line for the next line is 3. 
8.80770 6.53540 5.69420 15.00000 3.43020 3.33990 0.00000 0.00000 
file line for the next line is 4 .  
11.49000 0.12500 1.00029 1.52000 1.00029 0.00000 0.00000 0.00000 
file line for the next line is 5 .  
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 6. 
10.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
if you wish to change an input 1ine;type in the line. 
use an i3 field. else default. --* 
FIGURE D2. - CYLINDRICAL INPUT DATASET EXAMPLE CASE. ARROWS 







this is the optics data set-up program 
filename: ndatl3 
use a 4i5 field to type in nopl,nopZ,nun,iyl,izl,iy2,iz2. 





the number of input "zt" angles is specified by nop2. default is 18. 
unit system is specified by nun (Ometers) (l=inches). 
nopl nop2 nun iyl izl iy2 iz2 
3 0 1' 10 10 10 10 
----*----*----*----*----*----*--* 
nopl= 3 nop2= 0 nun-1 iyl= 10 izl= 10 iy2= 10 iz2= 10 
ok,now type in rpv,zpv,thpv,rl,zl,thl 
use an 8f10.5 field. *----_----*---------*---------*---------*---------*---------*---------*--------- 
8.8077 6.5354 5.6942 15. 3.4302 3.3399 
rpv= 8.80770 zpv= 6.53540 thetapv= 5.69420 
rl = 15.00000 zl = 3.43020 theta1 = 3.33990 
ok, you have defaulted on the delta angles! 
type in the eps,thk,nl,nt,n2,d2xdy2,wvl. *---------*---------*---------*---------*--------- 
11.49 .125 1.00029 1.52 1.00029 .5 
epsilon= 11.490 thickness= 0.1250 nl= 100029 nt= 1.52000 wvl- 0.00000 
type in the tolerances tll thru tl4,use a 4f10 field. *-------,-*---------*---------*---------*--------- 
you have selected a general axismetric surface 
use an i3 field to specify the number of outer surface points(l0 max) --* 
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FIGURE D3. - GENERAL AXISYMMETRIC INPUT DATA SET EXAMPLE CASE. 
ARROWS INDICATE USER INPUT. 
**** this is the read file data **** 
3 0 1 10 10 10 10 
file line for the next line is 2. 
8.80770 6.53540 5.69420 15.00000 3.43020 3.33990 
file line for the next line is 3. 
11.49000 0.12500 1.00029 1.52000 0.00000 0.00000 
file line for the next line is 4. 
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 5. 
3.70000 10.23000 0.00000 0.00000 0.00000 0.00000 
file line f o r  the next line is 6. 
4.20000 10.22500 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 7. 
5.10000 10.21700 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 8. 
6.00000 10.20500 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 9. 
6.72700 10.12500 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 10. 
7.30000 9.99500 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 11. 
7.70000 9.91500 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 12. 
8.20000 9.84200 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 13. 
8.70000 9.79100 0.00000 0.00000 0.00000 0.00000 
file line for the next line is 14. 
9.20000 9.75500 0.00000 0.00000 0.00000 0.00000 
if you wish to change an input line; type in the line. 
use an i3 f i e l d ,  else default. -,* 
+ -  
FORTRAN STOP 



























$ run optin 
hello 
this is the optics data set-up program . 
filename: ndat6 
please input a dataset title. 
NDAT6 GENERAL SURFACE INPUT 
use a 4i5 field to type in nopl,nopZ,nun,iyl,izl,iy2,iz2. 





the number of input "zt" angles is specified by nop2. default is 18. 
unit system is specified by nun (O=meters) (l=inches). 
nopl nop2 nun iyl izl iy2 iz2 
0 0 1 5 5 5 5  
----*----*----*----*----*----*----* 
nopk 0 nop2= 0 nun=l iyl= 5 izl= 5 iy2= 5 iz2= 5 
ok,now type in rpv,zpv,thpv,rl,zl,thl 
use an 8f10.5 field. *---------*---,-----*---------*---------*---------*---------*---------*--------- 
8.8077 6.5354 5.6942 15. 3.4302 3.3399 
rDv= 8.80770 ZDV= 6.53540 thetaw= 5.69420 
ri = 15.00000 zi = 3.43020 thetai = 3.33990 
ok, you have defaulted on the delta angles! 
type in the eps,thk,nl,nt,nZ,d2xdyZ,wvl in that order. 
default for d2xdv2 is .5 and for wvl it is 5145A. 
11.49 .125 1.00029 1.52 1.00029 1. 
epsilon= 11.490 thickness= 0.1250 nl= 100029 nt= 1.52000 n2= 1.00029 
splint d2xdy2= 1.00000 wvl= 0.00000 
type in the tolerances tll thru tl4,use a 4f10 field. *---------*---,-----*---------*---------*---------*---------*--------- 
now you must type in zl,yl,xl,then z2,y2,x2 in the 
order of increasing iy then iz, use an 8f10 field. 
FIGURE D4. - GENERAL SMOOTH INPUT DATASET EXAMPLE CASE. ARROWS 
INDICATE USER INPUT. 























































for the next line is 3. 
6.53540 5.69420 15.00000 3.43020 3.33990 0.00000 0.00000 
for the next line is 
0.12500 1.00029 
for the next line is 
0.00000 0 .ooooo 
for the next line is 
0.53468 10.20233 
for the next line is 
0.71266 10.19144 
for the next line is 
0.89041 10.17745 
for the next line is 
1.06790 10.16036 
for the next line is 
1.24506 10.14018 
for the next line is 
0.53458 10.20044 
for the next line is 
0.71252 10.18956 
for the next line is 
1.05447 10.03261 
for the next line is 
1.22940 10.01268 
for the next line is 
0.52775 10.07014 
for the next line is 
0.70342 10.05940 
for the next line is 
0.87888 10.04559 
for the next line is 
1.05406 10.02872 
for the next line is 
1.22893 10.00880 
for the next line is 
0.52746 10.06460 
for the next line is 
0.70303 10.05386 
for the next line is 
0.87839 10.04006 
for the next line is 
1.05348 10.02320 
for the next line is 
1.22825 10.00329 
for the next line is 
0.52707 10.05716 
for the next line is 
0.70251 10.04643 
for the next line is 
0.87774 10.03264 
for the next line is 
1.05270 10.01579 
for the next line is 
1.22734 9.99589 
if you wish to change an input 
use an i3 field. else default. --* 




























1.52000 1.00029 1.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 
0.00000 0.00000 0.00000 





















































FIGURE D4. - CONCLUDED. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  THIS IS THE OUTPUT FOR THE OPTICS UNCROSSING PROGRAM 
Original file name was NDAT13 
Window surfaces are "general axisymnietric surfaces",(nol=3) 
The input data is provided in English units (inches,nun=l) 
The desired 18 input beam plane orientation angles,in degrees, are: 
0.000 10.000 20.000 30.000 40.000 50.000 60.000 70.000 80.000 
90.000 100.000 110.000 120.000 120.000 130.000 140.000 150.000 170.000 
The probe volume and lens geometry are: 
radial axial angular x Y 2 
position position position axis axis axis 
pv: 8.8077 6.5354 5.6942 8.7642 0.8739 6.5354 
lens: 15.0000 3.4302 3.3399 14.9745 0.8739 3.4302 
The Xi (out-of-plane) angle is -26.56548 
Indices of refraction are: lens-side medium nl= 1.00029 
window medium nt= 1.52000 
pv-side medium n2= 1.00029 
Original beam crossing angle is 11.49 deg 
Window thickness is 0.1250 
Laser wavelength is 5145A giving a fringe spacing of 0.101181E-03 length/fringe 
Input tolerances have been defaulted. 






























. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
---probe volume movement--- 
definiti0ns:delta :beam plane orientation angle 
xnew,ynew,znew:the new probe volume position 
xrel,yrel,zrel:the change in probe volume position /window thickness 




































































































































































. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
---probe volume uncrossing and crossing angle changes--- 
definitions:ancross:crossing angle 
delang :change in crossing angle/original angle in percent 
uncross:total uncrossing in inches or meters 
relun : uncrossing/window thickness 



































































































F I G U R E  D 5 .  - CONCLUDED. 
APPENDIX E 
WARNING MESSAGES 
A number o f  warning messages may be p r i n t e d  du r ing  the  course o f  a ca lcu-  
l a t i o n .  
t i o n  con t inu ing .  
p o s s i b l e  warning messages are:  
1.  "WARNING: FROM RTRACE, INTERNAL REFLECTION OCCURS I N  T H I S  CONFIGURATION." 
They are,  for  the  most p a r t ,  o n l y  adv isory  i n  na ture  w i t h  the  ca l cu la -  
However, they may i n d i c a t e  an error i n  the  i n p u t  data.  The 
I t  i s  p o s s i b l e  for an o p t i c s  window con f igu ra t i on  to  occur where the  beam leav- 
i n g  the  window i n t e r c e p t s  the  window sur face a t  an angle g rea te r  than Bragg 's  
angle.  Should t h i s  occur ,  an i n t e r n a l  r e f l e c t i o n  o f  the beam w i l l  occur .  
c a l c u l a t i o n  stops and ou tpu t  from t h i s  c o n f i g u r a t i o n  should be considered 
i n c o r r e c t .  
axisymmetr ic windows. 
The 
This  s i t u a t i o n  should o n l y  occur w i t h  general smooth and general  
2 .  "WARNING: FROM LINT, LINES DO NOT CROSS I N  SPACE." 
Th is  warning i s  p r i n t e d  o u t  when c a l c u l a t i o n s  i n d i c a t e  t h a t  the two incoming 
beams l i e  i n  the  same plane b u t  i n t e r c e p t  p o i n t  c a l c u l a t i o n s  do n o t  i n d i c a t e  
the  beams cross .  This  message i n d i c a t e s  an i n p u t  da ta  error. 
3. "WARNING: FROM CYLINT, LINE DOES NOT INTERCEPT CYLINDER WALL." 
Th is  message i n d i c a t e s  an i n p u t  geometry where the beams do n o t  i n t e r c e p t  the  
c y l i n d e r  window ou te r  sur face.  
C a l c u l a t i o n  terminates.  
This  message i n d i c a t e s  an i n p u t  data e r r o r .  
4.  "WARNING: FROM CYLINT, THE CALCULATIONS ON Z POSITION DO NOT AGREE." 
Th is  message i n d i c a t e s  an i n p u t  data error or severe geometry c o n s t r a i n t s  such 
as an i n t e r c e p t  near the sur face tangency p o i n t  or an e x c e s s i v e  0. 
t i o n  cont inues.  
Calcu la-  
5. "WARNING: FROM CYLINT, CALCULATED INTERCEPT X AND Y DOES NOT L I E  ON R .  
ALTERNATE CALCULATION STARTED." 
Thi s message i n d i c a t e s  severe geometry c o n s t r a i n t s  where the sur face  i n t e r c e p t  
p o i n t  1 i e s  near the sur face tangency p o i n t .  
p rov ide  g rea te r  accuracy for  t h i s  geometry. 
6. "WARNING: FROM A X I ,  NO CONVERGENCE I N  ' A X I ' . "  
The a1 t e r n a t e  c a l c u l a t i o n  should 
C a l c u l a t i o n  cont inues.  
The c a l c u l a t i o n  o f  the  i n t e r c e p t  p o i n t  o f  the  general  axisymmetr ic sur face and 
an incoming r a y  i s  an i t e r a t i v e  procedure. Should the d i f f e r e n c e  between the 
c a l c u l a t e d  l i n e  i n t e r c e p t  and the  surface i n t e r c e p t  p o i n t  be g rea te r  than TL1 
a f t e r  50 i t e r a t i o n s ,  t h i s  message i s  p r i n t e d .  C a l c u l a t i o n  cont inues;  however, 
t he  ou tpu t  da ta  may be i n  e r r o r .  Th is  message i n d i c a t e s  an i n p u t  da ta  error 
or severe  sur face curva ture  problems. 
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7. "WARNING: FROM SURLNT, SURLNT FAILS." 
This  message i n d i c a t e s  t h a t  the i n t e r c e p t  of the  incoming l i g h t  r a y  w i t h  the  
l i n e a r  approximat ion t o  the general sur face  f a i l s  t o  converge w i t h i n  76 i t e r a -  
t i o n s .  
i n p u t  sur face  data.  
C a l c u l a t i o n  cont inues; however, a p o s s i b l e  problem may e x i s t  w i t h  the 
8. "WARNING: FROM SFIN, CHANGES I N  THE SURFACE OR THE SURFACE NORMAL ARE 
R A P I D ,  S F I N  DOES NOT CONVERGE. SOLUTION ACCURACY IS NOT GUARANTEED." 
Th is  message i n d i c a t e s  a severe window geometry r e s u l t i n g  i n  a s o l u t i o n  which 
may be i n  e r r o r .  C a l c u l a t i o n  cont inues. 
9. "WARNING: FROM FINEE,  MORE THAN ONE D I R E C T I O N  COSINE I S  EQUAL TO ONE." 
This message should n o t  occur and i n d i c a t e s  an i n p u t  da ta  e r r o r  t h a t  i s  proba- 
b l y  i n  the  lens-PV geometry. C a l c u l a t i o n  te rmina tes .  
10. "WARNING: FROM FINEE, THE BEAMS ARE PARALLEL AND DO NOT CROSS." 
Th is  message i n d i c a t e s  t h a t  the window geometry has r e s u l t e d  i n  two p a r a l l e l  
beams. There w i l l  be no probe volume and no minimum c ross ing  d is tance.  Calcu- 
l a t i o n  te rmina tes .  
11. "WARNING: FROM FINEE, DMIN=' I ,  DMN=' ' . I '  
The minimum c ross ing  d i s tance  i s  c a l c u l a t e d  i n  two ways. Should the r e s u l t s  
be d i f f e r e n t ,  t h i s  adv i so ry  o n l y  message i s  p r i n t e d .  .4 l a r g e  d i f f e r e n c e  i n  
values would i n d i c a t e  an i n p u t  data er ror .  
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( b )  Lens probe volume c o n f i g u r a t i o n ,  general  
a x i  symmetri c case 
Out o f  p lane angle ( X i ) ,  deg . . . . . . . . . 26.56548 
Probe volume p o s i t i o n :  
rad ius ,  cm . . . . . . . . . . . . . . . . . . 22.3726 
a x i a l  p o s i t i o n ,  cm . . . . . . . . . . . . . . 16.5999 
angular  p o s i t i o n ,  deg . . . . . . . . . . . . 5.6942 
r a d i a l  p o s i t i o n ,  cm . . . . . . . . . . . . . . 38.1 
a x i a l  p o s i t i o n ,  cm . . . . . . . . . . . . . 87.12708 
angular  p o s i t i o n ,  deg . . . . . . . . . . . . 3.3399 
O r i g i n a l  (measured) beam c ross ing  angle,  cm . . . 11.49 
Window normal t h i ckness ,  cm . . . . . . . . . . 0.3175 
Window index of r e f r a c t i o n  . . . . . . . . . . . . 1.52 
Laser wavelength . . . . . . . . . . . . . . . . . 5145A 
Lens p o s i t i o n :  
TABLE 11. - GENERAL SURFACE TEST CASES 
[Comparison between c a l c u l a t e d  and measured 
t e s t  case probe volume movement and 
c r o s s i n g  angle change.] 
I General axisymmetr ic t e s t  case I 
I P o s i t i o n  change I Ca lcu la ted  I Measured I 
General smooth t e s t  case I I P o s i t i o n  change I Ca lcu la ted  I Measured 
.00354 .0022 
.00011 .000685 
change .02054 .001276 
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LPROBE VOLUME (PV) 
FIGURE 1.  - FLAT PLATE GEOMETRY AND NWNCLATURE. 
X 
FIGURE 2. - SIRPLE CYLINDER G E N T R Y  AND NOMENCLATURE. 
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(B) SURFACE NORMAL GEOMETRY AT POINT "P". 
FIGURE 5. - GENERAL AXISYNNETRIC SURFACE GEOMETRY 
NOTE: SUPERSCRIPTS INDICATE TRANSLATED AXES. 
X X 
Lz Ly 
(A) SURFACE NORMALS AND SLOPES AT SURFACE (POINT "P"). 
t x" 
(B) SURFACE NORMAL GEOMETRY AT POINT "P". 
FIGURE 6 .  - GENERAL SURFACE GEOMETRY. NOTE: SUPERSCRIPT IN-  
DICATES TRANSLATED AXES. 
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(B) TEST CASE GEOMETRY, R-9 (X.Y) PLANE. 
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FIGURE 9. - BEAM UNCROSSING I N  FRINGES VERSUS 6, GENERAL AXISYMMETRIC AND GENERAL SMOOTH 
TEST CASES. 
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(D)  RELATIVE PROBE VOLUME MOMHENT I N  THE "Z" DIRECTION VERSUS 6. 
FIGURE 11. - CONCLUDED. 
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(B) LENS/PROBE VOLUNE GEOMETRY. 
FIGURE A2. - SYSTEMS GEOPIETRY. 
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